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Experimental and Theoretical Characterization of Adsorbed Water on Self-Assembled
Monolayers: Understanding the Interaction of Water with Atmospherically Relevant

Surfaces’

Introduction

Thin water films are found in the atmosphere on surfaces
such as buildings, windows, vegetation, and airborne particles.
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A combination of experiments and molecular dynamic (MD) simulations has been applied to elucidate the
nature of water on organic self-assembled monolayers (SAMs) before and after oxidation. SAMs mimic organics
adsorbed on environmental urban surfaces. Water on clean or SAM-coated borosilicate glass surfaces was
measured at equilibrium as a function of relative humidity (RH), using transmission Fourier transform infrared
(FTIR) spectroscopy at 1 atm and 22 £ 1 °C. The SAMs included C18 and C8 alkanes, as well as the C8
terminal alkene. Oxidation of the terminal alkene SAM was carried out with either KMnQ, solution or gaseous
Os. The FTIR data showed at least two distinct peaks due to water on these surfaces, one at ~3200 cm ™!,
which dominates at low RH (20%), and one at ~3400 cm™! at high RH (80%), which is similar to that in
bulk liquid water. Temperature-programmed desorption (TPD) experiments showed that oxidation leads to
more strongly adsorbed water. However, the amount of water in equilibrium with water vapor on the oxidized
alkene was not significantly different from that on the unoxidized SAM, although there was a change in the
relative intensities of the two contributing infrared peaks at 80% RH. MD simulations with hydrogen bond
analysis suggest that molecules on the surface of small water clusters that dominate on SAM surfaces at low
RH have fewer hydrogen bonds, while those in the interior of the clusters have three and four hydrogen
bonds similar to bulk liquid water. Taken together, the experimental infrared data and MD simulations suggest
a correlation between the relative intensities of the 3200 cm~'/3400 cm™! bands and the hydrogen-bonding
patterns of the water on the surface and in the interior of clusters on the SAM surfaces. These studies suggest
that water clusters will be present even on hydrophobic surfaces in the atmosphere and hence are available
to participate in heterogeneous chemistry. In addition, oxidation of organic coatings on atmospheric particles
or surfaces in the boundary layer may not lead to enhanced water uptake as is often assumed.

hydrophobic and hydrophilic organic surfaces!s:1%-21:2224.25.28:44=57
has been the focus of many studies. Many of these studies
=11 identified at least two types of surface-adsorbed water molecules

These surfaces are typically coated with a mixture of inorganic
and organic compounds. The latter may be hydrophobic or
hydrophilic, depending on the extent of oxidation. A molecular
level understanding of the nature of water at such interfaces is
critical since it may affect the kinetics and mechanisms of
heterogeneous reactions on these surfaces.>'>!3 In addition, the
uptake of water on airborne particles is important for their
growth and optical properties, and hence has impacts on
radiative forcing and visibility.'*

A prerequisite to understanding the chemical and physical
impacts of these water films is characterization of the amount
and nature of water on such surfaces. Water molecules at
interfaces are believed to have unique structures different from
those of bulk water.!™15728 The nature of interfacial water on
different surfaces such as glass,*?*3 quartz,3*2627-3132 ga]ts,1-3335
metals*®® and metal oxides,* * lipid membranes,* and
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which have often been termed “ice-like” or “liquid-like”. These
depend on the amount of water and the nature of its interaction
with the surface. For example, it has been proposed that there
are distinct regions of water adsorbed on a silicon oxide surface:
a more ordered “ice-like” structure layer at small water
coverages, a less ordered liquid-like layer at larger water
coverages, and a transition region between the two.*?%%7
Although the term “ice-like” is frequently used to describe
structured water at interfaces, this may be somewhat misleading.
For instance, Verdaguer et al.* have shown that while the first
one or two monolayers adsorbed on a silica surface are
preferentially oriented by the substrate, the structure is not
necessarily that of bulk ice. Similarly, Yang et al.>* * have
proposed that water on hydroxylated silica surfaces forms a
highly ordered 2-D structure consisting of quadrangular and
octagonal hydrogen bonds, designated “ice tessellation”.
Water on organic surfaces is particularly not well understood.
This study presents a combined experimental and theoretical
approach to understand adsorption of water on self-assembled
monolayers (SAMs). SAMs are commonly used as proxies for
organics adsorbed on surfaces and airborne dust particles.!4>26176
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Study of Adsorbed Water on Self-Assembled Monolayers

Fourier transform infrared (FTIR) spectroscopy is used to
characterize the position and intensity of the water infrared
absorption bands in order to elucidate the nature of the hydrogen
bonding and structure under equilibrium conditions. The data
show that there is some water uptake at low relative humidities
even on hydrophobic SAMs, with the water band red-shifted
compared to bulk liquid water. At higher relative humidities,
more water is adsorbed and the spectral signature approaches
that of bulk liquid water. Oxidation of the monolayers did not
substantially change these observations. Temperature-pro-
grammed desorption (TPD) studies give information about
desorption energies and kinetics, providing insight into the
nature of the water—surface interaction, and molecular dynamics
(MD) simulations provide molecular level insights into the
nature of water on these surfaces. The atmospheric implications
of these findings are discussed.

We are particularly pleased to contribute this paper to the
issue honoring Professor Max Wolfsberg whose seminal theo-
retical studies have contributed so much to the field of physical
chemistry. Molecular dynamics simulations, interweaving of
theory and experiments, and application to water in various
environments have been topics of great interest to Professor
Wolfsberg over the years, and we hope this contribution
appropriately captures and celebrates a small portion of his
contributions to this field.

Experimental Section

Surface Preparation. Thin borosilicate glass coverslips
(VWR Micro cover, 25 mm in diameter, type I glass) were
rinsed with purified water (Milli-Q Plus, 18.2 MQ+cm), dried
with nitrogen (Oxygen Service Co., 99.999%), and placed in
an argon plasma discharge cleaner (Harrick Scientific Plasma
Cleaner/Sterilizer PDC-32G, low power) for ~10 min. These
plasma-cleaned glass coverslips were rinsed with water, dried
with nitrogen gas, and then placed in a 2 mM solution of alkyl
trichlorosilane in hexadecane for 30 min to form the SAMs.%’
The SAM-coated coverslips were boiled 3 times in dichlo-
romethane, wiped to remove residues, and then mounted in a
holder described below for exposure to water. The alkane and
alkene SAM precursors used were: C8 alkane (n-octyltrichlo-
rosilane, Pfaltz and Bauer, Inc., 97%), C18 alkane (n-octade-
cyltrichlorosilane, Pfaltz and Bauer, Inc., 95%), and the C8
alkene (7-octenyltrichlorosilane, Sigma-Aldrich, mixture of
isomers, 96%), designated as C8=. All the trichlorosilane
precursors were used as received and the gases were ultrahigh
purity (Oxygen Services Co., 99.999%).

The C8= SAMs were oxidized by using two different
methods. In one method, the coated coverslips were mounted
in a Teflon holder and placed in a collapsible thin film Teflon
reaction chamber where they were exposed for 40 min to an
O; concentration of ~(5—6) x 10" molecules cm™>. Ozone
was generated by the UV dissociation of O, (Oxygen Service
Co., 99.993%) as described in detail elsewhere.®? In the second
method,®7° the C8= coated coverslips were mounted in a
Teflon holder and placed overnight in an oxidizing solution
consisting of a mixture of KMnOy (0.5 mM), NalO, (19.5 mM),
and K,COj; (1.8 mM). The pH of K,CO; was first adjusted to
~7.5 with 1 M HCIL. The coverslips were then removed and
incubated in 0.3 M NaHSO; for 1 min, rinsed with water, and
incubated for another 1 min in 0.1 M HCI to form carboxylic
acid moieties. The coverslips were then rinsed with water and
dried with N,.

Contact Angles. The water contact angle was used to
measure the wettability of the surfaces. A 1 uL droplet of water
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was deposited on the SAM-coated coverslips under ambient
conditions and at a relative humidity of ~60%. Pictures of the
water droplet were taken with an Olympus C-5050 ZOOM
digital camera.

Water Adsorption. Water adsorption on each surface was
characterized as a function of relative humidity (RH), using
transmission Fourier transform infrared (FTIR) spectroscopy
(Mattson Galaxy 5020 FTIR, now Thermo Electron Corp.,
Madison, WI). Eleven glass coverslips (total of 22 surfaces)
were mounted at 56° from normal incidence (Brewster’s angle)
in thin slots in a Teflon holder within a glass cell of 11 cm
path length. A polarizer (Thorlabs Inc., WP25H-C) and a filter
that eliminated radiation below 2000 cm™! were placed between
the infrared source and the cell. As discussed by Sumner et
al.,? the optical filter was necessary to avoid a negative artifact
peak at 3200 cm™! caused by remodulation and phase shifting
of the 1600 cm™! water bend vibration. Desired water vapor
concentrations, expressed throughout as relative humidities
(RH), were achieved by mixing measured flows of dry and
humid N, gas. Humid N, flows were obtained by bubbling dry
nitrogen through water in two borosilicate fritted glass bubblers.
The water bubblers were kept in a thermostated water bath. The
temperatures of the room, cell, and water bath were kept constant
at 22 + 1 °C as measured by a thermocouple (OMEGA HH506).

All measurements were taken at a total pressure of 1 atm
with a total gas flow of 200 mL min~'. Background and sample
transmission spectra were collected as 1024 single beam scans
at 1.0 cm™! resolution. Sample single beams at different RH
were ratioed to the background single beams collected at 0%
RH to generate sample absorption spectra. Water vapor absorp-
tion spectra at different RH were collected the same way but
with the coverslips removed from the glass cell. The sample
absorbance spectra were then corrected for water vapor at the
desired relative humidity.

Temperature-Programmed Desorption (TPD) Experi-
ments. Glass coverslips (Fisher Scientific, 12.5 mm in diameter,
type I glass) were coated with trichlorosilanes as described
above. The coated coverslips were afixed to a 1 cm diameter
polished copper disk with a Torr Seal (Varian Inc.) and cured
at 60 °C for 2 h under dry argon. The disk and coverslip were
inserted into a UHV chamber with a temperature-controlled
sample holder for desorption studies.”” With a background
pressure below 2 x 107!° Torr, the sample was exposed to
different doses of D,0, which was used to minimize interference
from background H,O. Doses ranged from 0.1 to 6 L (1
Langmuir unit (1 L) = 107 Torr s™!, 1 L exposure of water at
110 K approximates one monolayer (I ML) of water, if the
sticking coefficient is 1). Desorption experiments were per-
formed at a constant heating rate of 3 K s~!. The temperature
was measured with a K-type thermocouple inserted into the
copper disk. The D,O desorption from the samples was
monitored by using a quadrupole mass analyzer (UTI, model
100C) with a 70 eV electron impact ionization filament tuned
to m/z 20.

Molecular Dynamic Simulations and Hydrogen Bond
Analysis. MD simulations were used to model water uptake
on SAMs composed of —S(CH,);CH; and —S(CH,),COOH
chains chemisorbed on a gold(111) surface. As in our previous
work,%! the use of alkylthiolates on gold in computer simulations
rather than alkylsilanes on borosilicate glass substrate as in the
experiment was motivated by methodological reasons. While
potentials for accurately describing the interactions between
alkanethiolates and the gold(111) surface are well established,”!
the relatively complex bonding between alkylsiloxanes and
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silicon oxide surfaces introduces uncertainties in the develop-
ment of atomistic models for alkylsiloxane SAMs.”> Moreover,
it has been shown that the structural differences between SAMs
composed of long alkane chains on silica and on gold are
minor.”>~7 For example, grazing incidence X-ray diffraction
measurements have shown that alkyl chains of SAMs organize
in two-dimensional hexagonal lattices with an area/chain of
roughly 20 A? and correlation lengths of tens of angstroms on
both gold and silicon oxide surfaces.”®”’ In addition, contact
angle measurements suggest very similar wetting behavior of
hydrophobic SAMs formed from long-chain alkanes on gold
and oxidized silicon substrates.”®? Since the main focus of this
study is on the change of the organization of water molecules
on SAM surface as the character of the surface is modified from
hydrophobic (—CHj terminated SAM chains) to hydrophilic
(—COOH terminated SAM chains), the structure and dynamics
of water on these two types of SAM is likely to be affected
primarily by the chemical nature of the end groups (—CH; vs
—COOH) rather than by minor differences induced by different
SAM substrates (silica vs gold). Thus, using a somewhat
different SAM system as the computer model is not expected
to affect significantly the resulting character of the SAM surfaces
and their interactions with water.

Each monolayer consisted of 256 thiolate chains, arranged
in a well-ordered, defect-free array of 16 x 16 chains with a
surface area of ~22 A2 per molecule. The simulation box
dimensions were x = 80.16 A, y = 69.44 A, and z = 90.00 A.
The z dimension was perpendicular to the SAM/vapor interface
with the (virtual) gold surface located at z = 0 A. The vertical
(z direction) thickness of the SAMs was approximately 13 A.
The CHARMM?27 all-atom force field®® was used to model the
alkanethiolates, as in previous studies.®’$!2 The interaction
between the alkanethiolate chains and the gold substrate was
modeled using the adsorption potential and surface corrugation
potential, following the work of Mar and Klein.”! Water was
modeled using the SPC/E potential.®3

Each of the SAMs described above was used in a series of
MD simulations with varying numbers of water molecules meant
to correspond to the conditions of the experiments reported in
this paper. After 500 ps equilibration of the SAMs in the absence
of water, five different amounts of water (33, 99, 232, 429, and
819 water molecules) were introduced into the simulation box,
corresponding to a range from a submonolayer coverage to less
than 2 water layers adsorbed on the SAM surface. MD
simulations of each of the solvated systems were carried out
for 3 ns. Atomic coordinates were saved every picosecond.

All of the simulations were performed with a constant number
of molecules, volume, and temperature (NVT ensemble), using
the NAMD 2.6 program.® The average system temperature, 300
K, was controlled by using the Langevin thermostat with the
damping coefficient set to 1 ps~!. Periodic boundary conditions
were applied in all three dimensions. A reflecting wall (repulsive
part of a Lennard-Jones potential) was placed in the xy plane at
z=80 A to prevent the evaporated water molecules from
crossing over the periodic boundary of the simulation box in
the z direction. The cutoff for the van der Waals interactions
and the real-space part of the electrostatic potential was set to
12 A. The long-range electrostatic interactions were calculated
by using the smooth Particle Mesh Ewald technique.®> The
equations of motion were integrated by using the Verlet
algorithm with a time step of 1.0 fs. All bonds involving
hydrogen atoms were constrained by using the SHAKE tech-
nique.%°

Moussa et al.

TABLE 1: Assignment of the Infrared Bands for the
Methylene Symmetric and Asymmetric Stretches and the
and Full Width at Half Maximum (FWHM) for the
Methylene Asymmetric Stretch

V,5(CH»), v5,(CHy), fwhm
SAM cm™! cm™! cm™! refs
ordered film 2917 2848 14—16 91, 89
less-ordered film 2923 2856 23 61
C18 2915 2848 16 this study
C8 2920 2855 21 this study
C8= 2919 2850 21 this study

The hydrogen bond analysis was performed by averaging over
the final 1000 ps of each trajectory. A hydrogen bond between
a donor and acceptor water molecule was defined by using the
following structural criteria: donor and acceptor oxygen atoms
must be within 3.5 A, and the angle between the vector
connecting the donor and acceptor oxygens and the vector
connecting the hydrogen and the acceptor oxygen must be less
than 30°.%7 The analysis was performed with our own Tl script
in conjunction with the VMD program.®

Results and Discussion

a. Methyl Terminated Alkylsilane SAMs. Both the position
and the full width at half-maximum (fwhm) of the absorbance
peaks due to methylene symmetric, v, (CH,), and antisymmetric,
V,(CH,), stretches give insight into how well ordered the various
monolayers are.?’ These frequencies are related to the population
of the trans and gauche conformers in the alkyl chain, which
translates into well-ordered and more disordered monolayers,
respectively.37! For closely packed chains in well-ordered
monolayers,**®! the v, (CH,) is at 2848 cm™' and v,(CHy) is
at 2917 cm™ L. However, for more disordered monolayers, these
absorptions occur at ~2856 and 2923 cm™!, respectively. The
bandwidth for well-ordered monolayers is ~14—16 cm™' and
shifts to larger values as the alkyl chains become more
disordered.®! Table 1 shows the frequencies and bandwidths of
the C8, C18, and C8= SAMs in the present study compared to
several other studies. It is clear that the longer chain alkane
C18 SAMs form a more ordered film compared to the shorter
chain C8 alkane and C8= alkene SAMs, as expected due to
stronger van der Waals interactions of the longer chain.

Figure 1 shows representative infrared spectra in the region
of the OH stretching vibration of water on surfaces in equilib-
rium with low RH (20%), intermediate RH (40%), and high
RH (80%). Also shown is a spectrum of bulk liquid water
obtained by measuring the IR transmission through a water
droplet sandwiched between two zinc selenide windows. The
lines in the region above 3550 c¢cm™! are residuals due to
subtraction anomalies of the temperature-sensitive narrow
rotational lines of water vapor.®?

Figure 1a shows water on plasma cleaned glass. There is only
a weak, broad absorption in the 2900—3700 cm™! region at
relative humidities 20—40%, while at 80% RH, there is a band
peaking at ~3400 cm™! that is very similar to that of bulk liquid
water. Panels b and c of Figure 1 show the infrared spectra for
the same substrate coated with C8 and C18 methyl terminated
SAMs, respectively. There is a discernible peak around 3200
cm™! that is evident at 20% and 40% RH in both cases. At
80% RH, there are contributions from both the 3200 and 3400
cm™! peaks.

The observation at high RH of a peak at 3400 cm™!, similar
to that for bulk liquid water, is not surprising since water would
be expected to “ball up” on a hydrophobic surface. This is
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Figure 1. Infrared spectra of adsorbed water in equilibrium with water
vapor at different percent RH on (a) plasma cleaned glass, (b) glass
coated with a C8 SAM, and (c) glass coated with a C18 SAMs. The
dotted line in panel a is the spectrum of bulk liquid water. The dashed
lines in panels b and c represent the fitting of the 80% RH spectra into
two peaks centered at 3200 and 3400 cm™!, respectively. The different

colors correspond to adsorbed water at different percent RH: green (20%
RH), blue (40% RH), and red (80% RH).

reflected in the measured high contact angles: 107 £+ 1° and
112 £ 2° for C8 and C18 SAMs, respectively. Water molecules
in these droplets are strongly bound to each other and if the
droplets are large enough, most of the water molecules in the
interior are in an environment similar to that of bulk liquid water.
The formation of large water clusters has also been predicted
theoretically,'*433% and is supported by MD simulations shown
in Figure 2a for water on a hydrophobic, well-packed smooth
C8 methyl terminated SAM. In 3 ns or less, starting from an
initial configuration with water molecules spread over the
surface, the water molecules formed a droplet on the surface,
minimizing water—surface interactions and maximizing water—
water interactions.

The relatively large contribution of the 3200 cm™! band for
the SAM-coated glass (Figure 1b,c) is interesting, given the
hydrophobic nature of these surfaces and the predicted formation
of droplets of water on them. However, sum-frequency genera-
tion (SFG) experiments with C18 SAMs on quartz also showed
spectra with similar features in this region, in addition to a free
OH stretch at ~3680 cm™ 12229 The 3200 cm™! peak has been
observed for water on bare silica surfaces and attributed to an
“ice-like” or highly ordered structure due to hydrogen bonding
to the surface —Si(OH) groups.*?%27:60% A gimilar ordering
effect has been observed by other surfaces such as Pt(111) as
well.”?

This raises the possibility that the ordering of water on the
hydrophobic surfaces leading to the appearance of the 3200 cm™!
peak is due to penetration of water molecules through to the
substrate, especially on the more disordered C8 and C8= SAMs.
Water has been observed to penetrate through SAMs,2>63%
particularly at defects and edges.”® However, the differences in
the shapes of the spectra of water on the substrate (Figure 1a)
compared to the SAM coated substrates (Figure 1b,c) and the
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smaller amount of water taken up on the bare glass at 20—40%
RH (0.8 ML compared to 1.5 ML on the coated glass at low
RH) argue against this. In addition, one might expect this to be
more important for the less ordered C8 alkane SAM, yet the
water uptake at low RH is comparable in both SAM cases.

Another explanation is that water penetrates through the
hydrocarbon chains and interacts with the new —Si(O)(O)—
scaffolding introduced by the attachment of the SAM itself. This
could give an ordered structure analogous to that induced by
direct interaction with the —Si(OH) groups on the bare substrate.
However, Ong et al.” showed that the interaction between water
and buried oxygen in an alkoxy-terminated alkane thiol SAM
(HS(CH»),0(CH,),,CH3) becomes weaker as n increases, and
was undetectable for n = 3.

A third possibility is that small amounts of water on a
hydrophobic surface are insufficient to form a larger droplet
and instead form small, strained clusters whose hydrogen
bonding differs from that of bulk liquid water. For example,
some water clusters (H,0),, where n = 1—7, have been reported
to have structures that lead to a number of different infrared
bands, including one at 3200 cm™!, that reflect different patterns
of hydrogen bonding.!®1%! Defects in the SAM could potentially
trap small water clusters. One might then expect a stronger 3200
cm™! band for the less ordered C8 alkane SAM. However, this
is not observed (e.g., see the 80% RH spectra in panel b
compared to that in panel ¢ of Figure 1). Given that the infrared
absorption bands for water in the condensed phase reflect
coupled oscillations,'! 7193 2-D arrangements imposed by hy-
drogen bonding on the hydrophobic surface, perhaps similar to
the ice tessellation structure,’® % seem possible as well.

To probe this further, a hydrogen bond analysis was
performed on the MD trajectories. Figure 2b shows the
probability that a water molecule forms a particular number of
hydrogen bonds within a water droplet. The results from the
simulations with a different number of water molecules are
plotted in separate curves. In a droplet having only 33 water
molecules, the highest probability is to form two hydrogen bonds
(note that one monolayer of water in these simulations would
correspond to 560 water molecules, assuming one water ML =
1 x 10" molecule cm™2).!* As the number of water molecules
in the MD simulation increases, the probability of forming three
and to some extent four hydrogen bonds increases, with an
almost equal probability of forming two or three hydrogen bonds
for 99—429 water molecules. This is consistent with an average
hydrogen bond coordination number for water molecules in bulk
water of ~3.5'719 dropping to ~3.0'% at the interface. For
smaller droplets, a greater fraction of the water molecules are
on the surface and make fewer hydrogen bonds, whereas
hydrogen bonding in the interior of larger droplets should be
similar to that of bulk water.

Figure 2¢ shows the probability of a water molecule forming
a particular number of hydrogen bonds within the droplet as a
function of increasing number of water molecules. At small
numbers of water molecules, there is a probability of forming
one or two hydrogen bonds [P(1+42)], which decreases as the
probability of forming three to four hydrogen bonds [P(3+4)]
becomes more favored for the larger clusters with more interior
water molecules.

To relate the IR data to the MD simulations, curve fitting for
the IR data was done with use of GRAMS/AIS spectral data
processing software (Thermo Electron Corp.). Spectra were fitted
by using two overlapping peaks, one at 3400 cm ™! and another
one at 3200 cm™!, using Gaussian functions except for the
samples oxidized with KMnO, where a Voigt function provided
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Figure 2. MD simulations of water on —CH; terminated C8 SAM: (a) side- and top-view snapshots for different numbers of water molecules at
equilibrium; (b) probability distribution, P(n), of a water molecule forming a particular number of hydrogen bonds, (c) P(n) as a function of the

number of water molecules.

a better fit. It should be noted that the choice of two peaks is
somewhat arbitrary but including more than two does not
significantly improve the fit and cannot be justified based on
the experimental data. The equivalent number of liquid-like or
structured water monolayers (®) was estimated from the IR
spectra by using eq I,

23034

o= NSy o0

@

where N is the number of surfaces (total of 22) that are available
to adsorb water, Sy,o is the surface density of one water
monolayer (1.0 x 10'5 molecule cm™2),'™ A is the integrated
absorbance (base 10) for the peaks at 3400 or 3200 cm™!,
respectively, and o is the integrated absorption cross section
(base €) calculated by using the optical constants for water!'®
or ice.!%” Obviously the description of the water responsible for
the 3200 cm™! band as ice at room temperature is not strictly
representative; however, the use of ice optical constants for the
3200 cm™! band provides a reasonable approach to estimate
the number of structured water layers.

Figure 3 shows the fraction of the total water that is in a
liquid-like or structured water configuration, respectively, as a
function of RH, determined by curve fitting spectra such as those
in Figure 1b,c. The total number of layers was obtained by
adding the number of liquid-like water layers to the number of
layers of structured water, each calculated from eq I with the
appropriate absorption cross sections. As the RH increases, there
is a shift toward an increasing fraction of liquid-like water. The
overall trends do not change if the optical constants for liquid

® Liquid-like water E
m  Structured water } .......

Fraction

o'
ot
-~

60 70 80 90

% Relative Humidity
Figure 3. The fraction of the number of monolayers of liquid-like
water and structured water on (a) C18 and (b) C8 as a function of RH,

based on IR spectra such as those in Figure 1. The dotted and the dashed
lines are fits to the actual data.

water are applied to the 3200 cm™! band instead of those for
ice. For example, Table 2 summarizes the equivalent number
of monolayers of water and the corresponding fraction that is
structured for C18 and C8 as a function of RH, using either the
optical constants for ice for the 3200 cm™! band (Figure 3) or
those for liquid water. While the total number of equivalent
monolayers of water is slightly larger for the assumption of
liquid water optical constants, the fraction that is structured water
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TABLE 2: Number of Equivalent Monolayers As a
Function of RH and Corresponding Fractions of Structured
Water on C18 and C8 SAMs, Using Either the Optical
Constants for Ice or for Liquid Water

with ice optical
constants for the
3200 cm™! band

fraction of

with liquid water
optical constants
for the 3200 cm™! band

fraction of

equiv no. structured equiv no. structured
SAM/ of ML water of ML water
%RH (£20) (£20) (£20) (£20)
CI18
20 094 £0.32 0.58+0.22 1324044 0.69+0.20
40 1.14 £ 0.32 0.55+0.18 1.57+048 0.67+0.18
60 1.35 £ 0.40 047 £0.14 1.78+0.61 0.59 +0.12

70 1.71 £0.38

80 1.80 £ 0.70

90 234 +£0.52
C8

037+£0.10 2.144+040 0.50=+0.10
034+£026 2.08+0.86 0.45+0.28
020£0.10 2.66+0.61 0.30+0.12

20 0.88 +0.20 056 £0.14 1224026 0.68+0.12
40 1.05 +£0.20 0.60£0.10 14+0.12 0.72 £ 0.08
60 1.39 £ 0.20 041 £0.06 1.784+0.22 0.54 +£0.06
70 1.57 £ 0.60 039+£020 1.99+0.66 0.52+0.20
80 1.64 = 0.46 035+£0.08 2.03+£0.52 047=+0.10
90 1.83 £ 0.66 033£0.28 2234+0.66 0.44+0.30

is within experimental error for either assumption. MD simula-
tions also predict that as the amount of water increases, the
probabilities in the hydrogen bond distribution shift from lower
to higher number of hydrogen bonds (Figure 2c).

Figure 4 shows representative snapshots from MD simulations
of water on —CHj; terminated C8 SAM, with each water oxygen
atom color coded according to the number of hydrogen bonds
in which the water molecule is involved. For each particular
number of water molecules depicted in Figure 4, the snapshot
was selected in such a way that the actual distribution of water
molecules having a certain number of hydrogen bonds closely
matches the average distribution (see Figure 2b). The color
coding visually emphasizes that near the hydrophobic SAM
surface as well as at the surface of the droplet exposed to the
vapor phase, a majority of the water molecules form one to
two hydrogen bonds, whereas in the interior of the droplet three
to four hydrogen bonds are more common.

Direct comparison to previous work on the nature of water
on hydrophobic surfaces is difficult as most of the earlier studies
involve surfaces that were in direct contact with bulk liquid
water. In contrast, the present studies involved submonolayer
to 2 ML of water in equilibrium with water vapor. For example,
Shen and co-workers?>3% interpreted SFG data to mean that
the 3200 cm™! water peak on C18 covered silica was due to
the hydrophobic SAM surface creating a rigid wall that forces
water molecules to form a more ordered bonding network.
Richmond and co-workers®®!%~112 have reported, based on
vibrational sum frequency spectroscopic (VSFS) studies, that
near a hydrophobic surface there is network of highly ordered,
tetrahedrally coordinated water molecules that contributes to
the 3200 cm™! peak and less ordered asymmetrically bound
water molecules that lead to the formation of the 3400 c¢m™!
peak. Consistent with this, MD simulations by Buch!!? attributed
the 3400 cm™' peak to surface water molecules with a
coordination number of four, and the 3200 cm™' peak to a mode
that is delocalized over a few strongly coupled intermolecular
hydrogen bonds of water molecules that are also predominantly
four-coordinated. A theoretical study by Lee et al.!'* showed
that near flat, hydrophobic surfaces, interfacial water has a
structure similar to “Ice I” that minimizes water—surface
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Figure 4. Representative snapshots from MD simulations of water on
—CHj terminated C8 SAM, in which water oxygen atoms are color
coded according to the number of hydrogen bonds each water molecule
is participating in (see legend). For clarity, hydrogen atoms were
removed and only water oxygen atoms and carbon atoms of the terminal
—CHj; groups of the SAM are shown.

interactions and maximizes water—water interactions. Their
hydrogen bond analysis showed that the water nearest to the
wall has about 75% as many hydrogen bonds as those in the
bulk, qualitatively analogous to our analysis of hydrogen bonds
for the small water clusters (Figures 2 and 4).

b. Oxidized SAM Coatings. One motivation for studying
water on surfaces is to elucidate its role in heterogeneous
chemistry in the atmosphere. Many of these environmental
surfaces hold oxidized organics and hence water uptake on these
is of interest. While it is commonly accepted that surfaces
terminated with polar groups such as carboxylic acids will take
up more water than hydrophobic surfaces, there are relatively
few data in the literature to support this assumption. Most of
the data that are available are for oxygen containing polar model
compounds or relatively highly oxidized bulk films,*#>!!> rather
than on monolayer coatings.

To probe the amounts and nature of water on oxidized organic
surfaces, C8= alkene SAMs were oxidized with ozone or
KMnOy, and exposed to increasing water vapor concentrations.
Panels b and c¢ of Figure 5 compare water uptake on such
surfaces to that on the unoxidized C8= SAM (Figure 5a). On
the basis of the absorbances, the total number of monolayers is
1.7 for the unoxidized SAM, which is within experimental error
of the value of 1.6 for the ozonized film and 1.5 for the KMnQO,
oxidized SAM. It is striking there is no clear increase in the
amount of water on the oxidized surface compared to the
unoxidized SAM. This is in agreement with Mclntire et al.,®?
who also reported no enhancement of water on ozone-reacted
SAM coated quartz surfaces. The primary difference between
the oxidized and unoxidized SAMs is that at 80% RH, the 3400
cm~! peak attributed to liquid-like water on the surface
contributes somewhat more to the spectrum on the oxidized
surfaces (62% of the total surface coverage, compared to 56%
for the unoxidized coating).

The products and mechanisms of ozonolysis of a terminal
alkene SAM are complex.'#616465116.117 Tn addition to the
formation of carboxylic acids and aldehydes, cross polymeri-
zation to form large aggregates occurs.®? These aggregates
incorporate much of the organic material that was covering the
substrate, leaving a surface that contains less organic than the
unoxidized SAM.%? The surface upon which water is being
adsorbed in this case is therefore quite heterogeneous in nature.

To probe a more homogeneous but polar surface, the C8=
SAM was also oxidized with KMnO, which is reported to
generate a SAM that is fully terminated with —COOH groups.® ™
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Figure 5. Infrared spectra of water on SAM-coated glass at different
RH: (a) C8= unoxidized; (b) C8= oxidized with ozone; and (c) C8=
oxidized with KMnO,. The different colors correspond to adsorbed
water at different percent RH: green (20% RH), blue (40% RH), and
red (80% RH).

Figure 5c shows that the water on these surfaces is very
similar to the surface oxidized by O; (Figure 5b). This result
led us to consider whether instead of forming a —COOH
terminated surface, other oxidation products are being generated.
For example, Lemieux and von Rudloff %% suggested that the
permanganate—periodate oxidation of alkenes can proceed via
many routes that involved different intermediates, which
depending on the pH, can affect the oxidation process and final
products. To verify that the KMnO, oxidized surface has
carboxylic acid groups, a similar experiment was carried out
on a silicon ATR crystal, which is transparent below 2000 cm™!,
unlike borosilicate glass. As seen in Figure 6, exposing the
KMnO, oxidized SAM to NH; showed a decrease in the
carbonyl group and the appearance of a carboxylate ion peak
at 1555 cm™! along with the formation of a broad ammonium
feature in the 3300—3030 cm™! region.!'® A similar conversion
of —COOH to carboxylate on exposure to ammonia was
reported for the ozonide C8= SAMs by Dubowski et al.’!

While it is clear that the KMnO, oxidation generates —COOH
groups, it is possible that the extent of conversion of the alkene
groups is far from complete, and this could have an impact on
the amount of water on the surface. However, comparing the
net absorbance of the C=0 peak before and after exposure to
NHj; showed that 84% of the surface is acid terminated upon
oxidation with KMnQO,. To probe this further, temperature-
programmed desorption experiments were also carried out.

c. TPD Experiments. TPD gives information about activa-
tion energies and overall kinetics of desorption, thus providing
insight into the nature of the substrate—adsorbate interaction.”
Figure 7 shows desorption of D,O from a C8= alkene before
and after oxidation with KMnO,. TPD traces following 0.2 to
1.5 L D,0O exposures are shown with the 1.0 L trace shown in
bold for both the unoxidized and the oxidized surface. The
temperature range for water desorption from the unoxidized
alkene surface was broad compared to studies of desorption from
hydrophobic methyl-terminated surfaces®”**!1%120 and the peak
desorption temperature was higher than expected, ~158 K for
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Figure 6. Infrared spectra of a C8= SAM oxidized with KMnO, on
a silicon ATR crystal before (solid line) and after (dotted line) exposure
to NH;. The y-axis for the solid line is log(Sy/S;), where S; and S are
the single beam spectra of C8= oxidized with KMnO, and plasma
cleaned ATR crystal, respectively. The y-axis for the dotted line is
log(81/S2), where S, is the single beam spectrum of the C8= oxidized
with KMnOy, after exposure to NHj.
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Figure 7. TPD spectra for desorption of various D,O doses on (a)
C8= unoxidized SAM and (b) C8= SAM oxidized with KMnOj,.

the 0.2 L water dose (a typical desorption peak temperature of
water from hydrophobic thiol SAMs is around ~140 K).57-12!
It is evident from the desorption traces in Figure 7a that the
temperature at which the peak maxima occur shifts slightly to
lower temperatures at higher coverages. Such behavior has also
been reported for desorption from methyl terminated thiol SAM
surfaces.”’

The C8= SAM oxidized by either O; or KMnO, showed
similar desorption profiles but for simplicity only desorption
from the KMnO, oxidized surface is shown in Figure 7b.
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Desorption of D,O from the oxidized surface occurred at a
higher temperature, ~176 K. The peaks were again broad at
low coverages and narrowed slightly with increasing coverage.
The peak temperatures remained approximately constant as a
function of D,O exposure.

The TPD results show that the interaction of water is stronger
with the oxidized surfaces. Hydrogen bonding between water
and hydrophilic SAMs has been discussed by a number of
research groups.’”%!1197126 The peak shape and coverage de-
pendent shifts in the peak desorption temperatures are generally
indicative of strong interlayer hydrogen-bonded interactions,
especially at low coverages.!!*!?* Comparison of these data to
those of Grimm et al.”” suggests that our surface is 75—90%
oxidized, which is consistent with our estimate from the
ammonia exposure experiment, and with the work of Wasserman
et al.,”® who reported that the KMnOy oxidation leads to an 80%
—COOH terminated surface. In short, the lack of increased water
uptake on the oxidized surfaces observed in FTIR studies cannot
be due to small extents of oxidation of the SAMs.

As discussed elsewhere,'?”!?8 the temperature at which the
peak desorption occurs can be used to estimate activation
energies for desorption. However, there are some important
caveats. All of the TPD desorption traces reported here were
broad with a long tail that extended to high desorption
temperatures. This suggests that the desorption rate may not be
a simple first-order process and that the pre-exponential factor
and activation energy (E,) may be coverage dependent.'!’
However, as a first approximation the desorption is assumed to
be first order, and the pre-exponential factor is taken to be 1 x
103 s71. This gives E, ~ 36 & 5 kJ mol ™! for desorption of
D,0 from the C18 SAM at a temperature of ~140 K with use
of the 2 L data. This value is consistent with water adlayers
forming three-dimensional water clusters, which have weak
interactions with the surface.””!" For the unoxidized C8= SAM,
an activation energy of 40 £ 6 kJ mol ™! at 158 K was obtained
by using the 0.2 and 0.4 L data. On the other hand, E, for the
KMnO, and O; oxidized surfaces was ~44 + 5 kJ mol™!, also
with the 0.2 and 0.4 L data. This is significantly smaller than
the 50 kJ mol™! reported for a —COOH terminated thiol
surface.’” Given that the desorption process is very likely not a
simple first-order kinetic process and the kinetic parameters are
likely to be coverage dependent, care should be taken in the
interpretation of these values for E,. However, the values of E,
are good comparative measures of the relative strength of
interaction of water with the various surfaces.

TPD was also carried out for the uncoated glass. The peak
desorption temperature was even higher than that for the
oxidized SAMs, ~205 K, which gives an activation energy for
desorption of 50 & 5 kJ mol ™. This high desorption temperature
and E, for the substrate itself further suggests that in our
experiments with the SAM coated glass, penetration of the water
to the substrate is not a major factor for the SAM coated glass.

MD simulations again provide some insight into water on
polar surfaces compared to the hydrophobic unreacted SAM.
Figure 8 shows the results of simulations that are analogous to
those shown in Figure 2, but for a —COOH terminated SAM.
Note that in the absence of water, some hydrogen bonding
occurs between the —COOH groups.?1%12 On the hydrophilic
surface, water forms small clusters, but in contrast to the
hydrophobic case, the clusters are distributed across the surface
rather than coalescing into a larger droplet. As discussed by
Winter et al.,! this is due to strong hydrogen bonding with
the —COOH surface, where the probability of forming
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Figure 8. MD simulations of water on —COOH terminated C8 SAM:
(a) side- and top-view snapshots for different numbers of water molecule
at equilibrium and (b) probability distribution, P(n), of a water molecule
forming a particular number of hydrogen bonds. This represents the
total probability, which includes hydrogen bonding to the substrate and
to other water molecules.

water—COOH hydrogen bonds is larger than the probability of
forming water—water hydrogen bonds.

Hydrogen bond analysis (Figure 8b) of water clusters on the
hydrophilic SAM shows that at low coverage, the formation of
one or two hydrogen bonds has the highest probability. These
primarily represent hydrogen bonds between water and the
carboxylic acid group.'® As the number of water molecules
increases, water—water interactions become more prominent,
and the probability of forming three or four hydrogen bonds
increases.

In summary, infrared spectra of water on hydrophobic and
hydrophilic SAMs at room temperature display at least two
different peaks, one that is similar to that of bulk liquid water
and one that is red-shifted by ~200 cm™'. Such a shift suggests
the species responsible is more strongly hydrogen bonded than
bulk liquid water, although the specific structure(s) that leads
to this is not clear. In fact, a variety of structures with different
intermolecular coupling may contribute.!>1917103.113 According
to the results of the MD simulations on the hydrophobic surface
at low water coverages where the clusters formed are small,
the formation of two hydrogen bonds is most probable. As the
amount of water and size of the clusters increases, the formation
of three hydrogen bonds becomes more important. Taken
together, the experimental infrared data and MD simulations
point to a correlation between the relative intensities of the 3200
cm™!/3400 cm™! bands and the hydrogen-bonding patterns in
water clusters on the SAM surfaces. Thus, we hypothesize that
water molecules involved in 1 or 2 hydrogen bonds on the
surface of the clusters are associated with the 3200 cm™! band
and those with 3 or 4 hydrogen bonds in the interior of the
cluster are associated with the 3400 cm™' band. Calculations
of infrared spectra from the MD trajectories will be required to
confirm or refute this hypothesis.

On the —COOH terminated SAM, there is a significant
probability of forming one hydrogen bond at low water coverage
due to the interaction of water with —COOH groups, while
water—water interactions with three hydrogen bonds become
more important at higher water coverages. Although TPD studies
show a slightly stronger interaction with the oxidized surfaces,
the FTIR data show that the total amount of water at equilibrium
is about the same as for the unoxidized SAM.
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Atmospheric Implications

Silicates are a major component of environmental surfaces,
e.g., surfaces of buildings and windows, as well as of airborne
dust particles. In air, these surfaces become coated with a
complex mixture of organic and inorganic species. The uptake
of water on such surfaces is known to affect the heterogeneous
reactions that take place on them.® In addition, water uptake
also influences their radiative properties and their ability to form
cloud condensation nuclei,!#4348:52

Our data suggest that even purely hydrophobic surfaces
adsorb some water that is then available for reaction. For
example, Criegee intermediates formed in the ozonolysis
reaction can be intercepted by water, changing the chemistry
compared to that under dry conditions.'>!3® A common assump-
tion is that as aerosols age in the atmosphere, i.e., hydrophobic
organic compounds on the surface are oxidized by species such
as OH, Oz, and NOs;, these surfaces will become more
hydrophilic and take up more water.'*3>131.132 However, the
present studies showed that oxidation did not increase the
amount of water on the surface, even for a surface that was
more than 80% terminated by carboxylic acid groups. On the
basis of their studies of oleic acid oxidation, Allen and
co-workers'?® also argue against increased water uptake due to
oxidation of surface organics. In that case, oxidation was shown
to form smaller, volatile, or water-soluble species, leaving
behind another hydrophobic coating.

In summary, water may play a more important role in
heterogeneous chemistry on hydrophobic surfaces that were
previously assumed not to have significant amounts of adsorbed
water. On the other hand, it is clear that one cannot assume
that water uptake will always be greater on oxidized surfaces
compared to the parent organic. Whether the particular structure
and bonding of water on these surfaces affect the heterogeneous
chemistry on them remains to be explored. Clearly, further
studies that provide molecular level insight into this interfacial
chemistry and its implications for heterogeneous chemistry and
particle growth in the atmosphere are needed.
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